Introduction
In most subduction-zone settings, geological records of vertical coseismic and interseismic displacements are obscure. The subduction interface itself is seldom directly observable, so to understand the temporal patterns of earthquake recurrence [Sieh, 1996] .
Toward these goals, we are developing a method for documenting sea level changes that involves the use of coral microatolls, massive solitary coral heads that record sea level fluctuations in their morphology and can be precisely dated. Work of this kind began about two decades ago [Scoffin and Stoddart, 1978; Stoddart and Scoffin, 1979; Taylor et al., 1987] . These earlier studies showed that upward growth of microatolls is limited by lowest water levels. As lowest water level fluctuates with time, so does the upper limit of coral skeletal growth. The skeleton develops a distinctive morphology that reflects the sea level changes to which it has been exposed. The microatoll skeleton records sea level changes as small as a centimeter or two [Taylor et al., 1987; Zachariasen, 1998 ; J. thermore, the Sumatran subduction zone has generated numerous large earthquakes that are likely to have produced observable displacements.
Geologic Setting of the Sumatran Subduction Zone
At the Sunda trench the Indian and Australian plates are subducting beneath the Southeast Asian plate (Figure 1 ). The relative convergence vector, 'measured between West Java and Christmas Island, is 67 +_ 7 mm/yr, NlløE _+ 4 ø [Tregoning et al., 1994] . Sumatra and Java lie on the overriding plate, a few hundred kilometers from the trench. Convergence is nearly orthogonal to the trench axis near Java but is highly oblique near Sumatra, where strain is strongly partitioned between dip slip on the subduction zone interface and right-lateral slip on the Great Sumatran fault [Fitch, 1972; McCaffrey, 1991] . Earthquake focal mechanisms and hypocentral distributions indicate that the subducting plate dips less than 15 ø beneath the outerarc ridge and steepens to about 50 ø below the volcanic arc [Newcomb and McCann, 1987; Fauzi et al., 1996] . Newcomb and McCann [1987] conclude that the source of the 1833 earthquake was a 550-km-long segment of the subduction interface that extended from the Batu Islands to Enggano Island and that the rupture extended from the trench to a point below the outer-arc islands. From their estimated rupture dimensions, they suggest that slip of about 4-8 m occurred on the interface. Slip of this magnitude on a gently dipping fault should produce uplift of the order of a meter at the surface of the overriding plate.
We have, in fact, found evidence in emerged fossil microatolls of sea level changes associated with the 1833 event. In these fossil corals from the islands of Sumatra's outer-arc ridge, we also find clear indications of submergence in the decades prior to the earthquake. We interpret this history of vertical tectonic displacement to be the result of the interseismic accumulation of strain prior to the 1833 earthquake and its relief by slip along the subduction interface during the giant earthquake. Variations in water temperature, rainfall, sediment influx, and other factors cause the density of the skeletal material in these coral "heads" to vary seasonally in such a way that the concentric shells appear as annual growth bands [Scoffin and Stoddart, 1978; Stoddart and Scoffin, 1979] . These annual bands are similar to tree rings in that they provide a yearly record of coral growth throughout the life of the coral [Taylor et al., 1987; Zachariasen, 1998 ]. The growth bands are usually about 10 +_ 5 mm thick, so heads several meters in radius represent growth over several centuries. The annual bands are often visible to the naked eye in vertical cross-sectional cuts through the coral hemisphere but are commonly more pronounced in X-radiographs of thin cross-sectional slabs [Taylor et al., 1987; Zachariasen, 1998 ].
The upward growth of coral microatolls is limited by low water levels because exposure above water for prolonged periods, especially in sunlight, is fatal to the living corallites on the outer surface of the head [Scoffin and Stoddart, 1978 What is important about HLS for paleoseismic studies is that the microatolls retain a record of HLS in their skeletal morphology. Microatolls grow hemispherically, outward and upward, until they reach the HLS (Figure 2a) . At that point, constrained to grow below HLS, they grow only laterally, which leads to the creation of a flat upper surface at the HLS ( Figure  2b) . A rise or drop in relative sea level produces a commensurate change in HLS, either freeing the microatoll to grow upward again or constraining it to grow laterally at a lower level (Figures 2c and 2d ). Total emergence above HLS will kill the entire coral head. This record of HLS history is retained in the morphology and stratigraphy of the coral. A vertical crosssectional slab cut through the coral head exposes its annual growth bands and their response to changes in HLS ( Figure   Figure 3 illustrates 
Results

Field Methods and Observations
In July 1994 and January-February 1996, we studied emerged fossil microatolls located on the reef flats fringing several of the Mentawai Islands, the string of islands west of the Sumatran mainland that are the subaerial expression of the outer-arc ridge (Figure 1) [Zachariasen, 1998 ]. The form of uneroded fossil microatolls was broadly similar throughout the islands. Their perimeters were commonly steep sided, and many had a cup-like morphology indicative of submergence during their lifetime (Figures 2 and 5) . The predominant gross morphology of the fossil corals was similar to that of the live corals. Of the hundreds of fossil corals observed, only a handful had an outer, lower rim that suggested an emergence prior to death (Figures 2c and 6 ). These observations suggest that most of the fossil corals died by complete emergence, following several decades of submergence. The steep sides and absence of multiple outer rims imply that the emergence and resultant death were sudden.
Ages of the Fossil Corals
We analyzed 81 samples from 63 emerged fossil coral heads from numerous sites around the islands with U-Th geochronometric methods (Figure 4) . We X-rayed 3-to 5-mm-thick slabs cut from these samples, in order to expose the density contrasts in the growth bands. For geochronologic analysis, we removed 1-3 g of coral from the slabs, usually from a single growth band. We avoided portions with the sugary or powdery texture that commonly indicates recrystallization. After determining the age of the sample, we determined the age of death We dated one or more pieces from each coral head with U-Th geochronometry. The uncorrected date of coral death is calculated by adding the number of annual growth bands between the sampled annual band and the outermost band of the coral head to the measured age of the sample. Uncertainties in the ages combine the 2o-analytical uncertainties and the ring counting uncertainties, which are estimated based on ring clarity. The corrected dates of death are determined in the same way, but from measured ages that have been corrected for contamination with initial thorium [Zachariasen, 1998 ]. Uncertainties in the corrected dates of death include 2o-analytical uncertainties, ring counting uncertainties, and uncertainties in the correction factor. *Sample is from the interior of the same coral the above-listed sample comes from; first sample is usually from outer raised rim, second sample from interior flat.
?Analysis is from same region of slab as above-listed sample (e.g., both from outer rim) but from a different hand sample collected in a different year.
• Figure 8 shows that many of the emerged microatolls died suddenly between about 1820 and 1845. The coincidence of this cluster of coral deaths with 1833, the year of the giant earthquake, suggests strongly that these corals died from exposure due to emergence during that event. Because the death dates of these corals are consistent with an 1833 death, we will assume 1833 in the following discussions to be the date of death. Hence discussion of the dates of older rings and HLS impingements recorded in those corals will be referenced to an 1833 death.
Interpretation of the Coral Slabs
We collected large cross-sectional slabs from seven corals whose ages are consistent with an 1833 death. The slabs came from sites on or near all three islands: one from Sipora, two from North Pagai, and four from South Pagai (Figure 4 ). X-radiographs of the slabs reveal patterns of annual density bands that reflect multiple old HLS surfaces. Using the X-radiographs, we measured the changes in elevation of successive HLS surfaces and documented the timing of the HLS impingements by counting the annual bands. From these stratigraphic analyses, we obtained annual records of relative sea level change that affected the corals, up to and including their deaths by emergence.
Here we describe the seven slabs and their verticaldisplacement histories. We use one sample to illustrate the method of analyzing the X-radiographs, and then we present the results of similar analyses of the remaining samples. We also compare the stratigraphic records from the slabbed corals with the morphological signature of other microatolls of similar age on the same reef as a test of consistency. All contemporaneous corals in one bay should have consistent records of HLS change, since each has been exposed to the same relative sea level history. Finally, we use the displacement histories as a basis for discussion of the tectonic and paleoseismic history of the decades prior to and including the 1833 earthquake. Lateral growth of the lowest 250 mm of the head continued after 1810 and produced the lower outer flange. The narrow growth bands from 1810 to about 1824 demonstrate that postemergence growth occurred at a reduced rate. The average thickness of these rings is about half that of the pre-1810 bands. Perhaps shallower water over the reef fiat following the emergence led to conditions less favorable to growth (for example, more rapid warming of the water by sunlight or poorer circulation of nutrients during low tide).
Erosion has removed the top of the lower rim, so it is unclear exactly how the coral responded to HLS in the decade or two following the emergence. However, its shape and elevation suggest HLS was stable or rose slightly in the decades after 1810. The submergence was no more than about 80 mm during the next 23 years, and probably less. Emergence in 1833 was at least 270 mm, the height of the outer rim above the substrate. "-' '-':."-'.. '"... .......................................... 
Synthesis and Interpretation
What do these diverse records of sea level fluctuation contribute toward an understanding of the earthquake geology of the Sumatran subduction zone? In this section, we attempt to construct a coherent interpretation of the giant 1833 earthquake and related phenomena, using the data we have presented above. All seven curves show a predominance of submergence in the decades prior to 1833. Average rates of submergence range from about 5 to 11 mm/yr. The rates shown were derived by least squares fit of the HLS clip points (Table 2) [Zachariasen, 1998] Our data give us no strong preference for either gradual or sudden submergence producing these long periods of unimpeded upward growth. Since the response of microatolls to large emergence events is more rapid than their response to submergence events, this question may need to be resolved in an environment of interseismic emergence rather than submergence.
3.1.2. Poor correlation of HL$ clips between slabs and sites. If the various episodes of HLS stability and submergence were caused by tectonic processes, one might expect they would correlate from site to site. In fact, the correlation is poor even among slabs from the same site. Figure 17 facilitates comparison of the seven records by displaying them with a common time axis. The numerals at All seven corals probably died as a result of emergence in the 1833 giant earthquake. Table indicates distance from each site to the trench, the preseismic submergence rate calculated from the slope of the best fit line through HLS-elevation points, minimum coseismic emergence determined from the slabs, and height above the substrate of the emerged corals. *For the period prior to the 700-mm emergence event in about 1810.
various points below each curve are estimates of the uncertainty in age due solely to ring counting ambiguity. For example, in slab P96-H-1 the uncertainty in counting rings from 1833 to about 1810 is about 2 years and to about 1790 is about 3 years. The bar and query at about 1790 indicate that the older part of the slab is not physically connected with the younger part of the slab, and so the ages of its rings can be assigned only tentatively and could be in error by many years. A comparison of the two records from NP94-A shows that even for microatolls only 50 m apart (Figure 9a) , HLS impingements do not occur typically in the same year. This suggests that nontectonic processes have produced the second-order details superimposed upon the overall record of submergence. These processes must be very site-specific; perhaps they include such factors as differing response time to low water levels and differing vulnerability to low water due to variety in species and varying exposure to wave action and sunlight. Because of these puzzling nontectonic, local influences on the timing of small HLS clips, it appears that in our search for tectonic phenomena we should focus primarily on the larger, more prominent deviations in the microatoll histories.
Pre-1833 Emergence Events
The vertical lines in Figure 17 indicate the dates of the two largest emergence events before 1833. These emergences occurred in about 1790 and about 1810. We have described each of these above, in the presentation of individual slabs. Now, we consider possible correlation of these events between slabs. A 50-mm emergence event in P96-H-1, about 60 km still farther southeast on the southwestern coast of South Pagai, might be contemporaneous with these two larger events. The existence of this event is less certain, though, because the coral slab has a discontinuity in the vicinity of the annual bands of the late 1700s. Also, any regional emergence of the islands off the southeast coast of South Pagai would have to be very small to avoid being expressed in slab P96-F-1.
We are not confident that any of the emergence events less than or equal to about 100 mm are contemporaneous or that their cause is tectonic. Emergences of this magnitude can certainly be caused by fluctuations in lowest tides (see, for example, the 1995 diedown in our hypothetical coral in Figure 3) . Nonetheless, the records do suggest the possibility of an event. The 400-mm events on southern Pagai and western North Pagai are likely tectonic in origin, but our lack of details about these late 18th century events precludes further analysis or interpretation.
Newcomb and McCann's [1987] catalog of historical earthquakes includes a large earthquake in 1797, probably near the Pagais. This event generated tsunamis in the Batu Islands and on the west coast of Sumatra just north of Padang, across from Sipora (Figure 1 ). This could be the 1790s event recorded at NP94-A and Si94-A, but only if our counting of annual bands is incorrect. In both cases there appear to be more than 36 annual growth bands between the 1780s/1790s disturbance and the outer (1833) Furthermore, the lack of a large earthquake or tsunami in the historical record of about 1810 suggests that the emergence occurred aseismically. The collection and analysis of slabs from sites near southern Sipora could constrain the dimensions of the uplifted region and lead to a better understanding of this mysterious event.
•y. between 1833 and 1996. In fact, rates of submergence in the two decades prior to 1833 appear to have been higher than rates averaged over the several decades prior to the earthquake (see last column in Table 2 ). Savage and Thatcher [1992] found the contribution of the transient postseismic deformation phase in Japan was about one fourth of the total interseismic deformation through an earthquake cycle. If a similar postseismic phase occurred here too, the coseismic uplifts might be 250-450 mm higher than our linear extrapolation of the modern submergence rates has yielded. Our estimate of slip in 1833 is consistent with recurrence of similar earthquakes about every 265 years. We derive this interval by dividing the rate of subduction into our estimate of slip in 1833. To estimate the rate of subduction, we begin with the relative plate velocity (67 mm/yr, NlløE) determined by Global Positioning System (GPS) surveys [Tregoning et al., 1994] . From this, we must remove the slip vector of the Great Sumatran fault (Figure 21 ). This is about 11 mm/yr, S35øE The 23øTh dates of these microatolls are precise enough to allow us to say that none of the emergences coincide with the large historical, tsunamigenic earthquake of 1797. But the dates are too imprecise to enable unambiguous correlations between heads at the same site or between sites. Perhaps chemical fingerprinting of annual bands or work with more slabs will enable resolution of this problem. Long, precise, and complete histories of sequential fault rupture are impossible to obtain. Exceptional histories, such as the record of great subduction events along the Nankai trough, Japan, and the southern coast of Chile, provide very precise dates of large earthquakes but leave large ambiguities in source parameters. Long paleoseismic records from sequences of clastic deposits, such as those along the San Andreas fault, are also problematic. Dating precision is seldom better than several decades, determination of magnitudes of slip is possible only at exceptional sites and requires time-consuming threedimensional excavations. Long records of subduction-zone events from clastic deposits, such as those along the Cascadian coast, are also limited by the imprecision of radiocarbon dating and by the wide vertical ranges of the fossils and facies that are used to determine the magnitude of vertical deformation.
Microatolls appear to be exceptional natural instruments for extending the record of earthquakes and earthquake cycles into the preinstrumental past. In addition to allowing absolute dating of vertical deformations to within a decade or better, relative dating within one head can be precise to within a couple years or better. Microatolls contain records that enable dating and characterization of not only seismic events, but interseismic vertical deformation as well. In fact, the eventual construction of a record of vertical deformation through several cycles of strain accumulation and relief may well be possible using the microatolls above the Sumatran subduction zone.
Appendix: U-Th Disequilbrium Dating Methods
We prepared and analyzed samples according to Chen We used iron precipitation to extract the U and Th from the coral sample. The elution scheme to remove the U and Th from the iron precipitate was patterned after the methods of Edwards [1988] and Gallup [1997] . We loaded the samples onto zone-refined rhenium filaments. We loaded about 1/5 of the U fraction onto a rhenium filament and analyzed the uranium with the double-filament technique. Two-thirds of the Th fraction was loaded onto a rhenium filament, and either topped with or sandwiched between layers of colloidal graphite after the method of Chen and Wasserburg [1981] . Th was run using the single-filament tachnique.
The samples were analyzed on the Minnesota Isotope Laboratory's Finnigan-MAT 262-RPQ thermal ionization mass spectrometer. Both uranium and thorium were measured using the electron multiplier in pulse counting mode. Uranium data were gathered in peak-jumping mode, by sequentially measuring masses 233, 233.5, 234, 234.5, 235, 235.5, and 236. An exponential fractionation correction was applied to all ratios using the measured 233U-236U ratio in each scan. Mass 238 was not measured directly because the signal from 238U was too large for the ion counter. We measured mass 235 and calculated 238 values by multiplying the measured 235 values by the natural 238U/23sU ratio of 137.88 [Garner et al., 1971] . We continued the analysis until we had obtained 20-counting statistics of 1%o on mass 234. The peak-jumping sequence for thorium runs was mass 229, 230, 230, 232. Thorium runs continued until the sample was gone and/or the filament burned through. Because most of the samples were young (<500 years), counting statistics for 23øTh generally yielded uncertainties of about 1%.
We used the measured isotopic ratios to calculate the concentrations of 234U, 238U, 23øTh, and 232Th. All raw data were fully propagated through corrections for spike impurities, abundance sensitivity, dark noise, and filament and analytical blanks. The isotopic concentrations were in turn used to de- In some cases, the sampled corals contain appreciable quantities of 232Th. Since 232Th is not a decay product, its presence indicates that the samples had significant initial thorium.
Where we found significant quantities of 232Th, we assumed that a component of the measured 23øTh also was incorporated initially and did not form from in situ decay in the coral. The 23øTh age calculation assumes that the initial 23øTh concentration was zero. Use of this equation will yield 23øTh ages that are older than the true age if significant amounts of 23øTh were, in fact, initially present. We corrected the ages for this initial 23øTh by multiplying the measured 232Th concentration by the initial 23øTh/232Th ratio. We estimated the initial 23øTh/232Th ratio by (1) analyzing corals of known age and calculating the initial 23øTh/232Th ratio from the measured uranium and thorium isotopic compositions and (2) analyzing subsamples of the same coral of the same age or known age difference, but with different 232Th/238U ratios. The initial 23øTh/232Th ratio can be calculated from analyses of two subsamples given the assumption that both have the same initial ratio. Initial 23øTh/ 232Th values for 20 such determinations ranged from 0 to 13 x 10 -6, with an average of 6 x 10 -6. We therefore use a value of initial 23øTh/232Th = 6 +7/-6 x 10 -6 to correct for initial 23øTh. This value is slightly higher than the 4 x 10 -6 value commonly used for such corrections. The commonly used value is calculated based on the assumption that the thorium is derived from material of average crustal composition at secular equilibrium [see Stein et al., 1991; Eisenhauer et al., 1993] . The value we use is more appropriate for our particular samples because our value was measured directly on local corals. Details about the correction are discussed in chapter 3 of Zachariasen [ 1998] .
